The microbiota of the live production environment can directly shape the gastrointestinal microbiome of chickens and indirectly influence the health of birds. Therefore, numerous studies have attempted to characterize the microbial communities in litter and chicken feces from commercial poultry houses, but many treat a poultry house as a single sampling unit. Unfortunately, a poultry house has distinct areas (e.g., waterer/feeder, near fans, cooling pads), so effective sampling strategies need to be developed to account for this heterogeneity, especially when costlier microbiomic analyses are used to assess whole-house microbial diversity. Therefore, the goals of this study were to assess the spatial variability of the poultry litter and fecal microbiomes from distinct areas within a poultry house and to compare composite "whole-house" microbiomes pooled from all house areas, either (1) physically prior to DNA extraction or (2) combined in silico after sample processing (during DNA sequence analysis). No significant differences in α-diversity metrics (richness, diversity, evenness) were observed for fecal or litter microbiomes recovered from the different areas of the house, but β-diversity (litter only) and genus-level Operational Taxonomic Units (OTU) relative abundances (for fecal and litter) were found to be significantly different based on sampling area within the house. Additionally, the sample pooling method produced distinct composite fecal microbiomic profiles, but the litter microbiomes were unaffected. These results indicate that sample type, sampling area, and sample pooling method need to be carefully considered when determining appropriate sampling strategies for generating representative composite whole-house microbiomes for future microbiological-based live production studies.
In the United States, the total value of broilers produced during 2015 was $28.7 billion, with almost 9 billion broiler chickens representing 53 billion pounds of live weight produced, making the U.S. the world's largest producer of broilers and the second-largest exporter of poultry meat [1] . The U.S. is not only a major producer of poultry meat but also of poultry litter, which is a combination of bedding material (e.g., wood chips or shavings) and excreta. Given the rapid growth of concentrated poultry operations and this ever increasing demand for poultry both within the U.S. and globally, the health and security of the broilers and the safety of the resultant poultry products is of the utmost concern to the poultry industry.
During live production, broilers are grown within poultry houses that typically house 20,000 to 30,000 birds at a density of ∼1 bird per square foot, and these houses produce up to 150 tons of poultry litter per year for a 20,000-bird house [2] . Due to its value as a nutrient source, most of the litter produced is applied to agricultural lands as a crop fertilizer, used as a dietary food source or supplement in livestock feed, or used as a fuel source [3] . However, there are industry concerns regarding the use and management of poultry litter and its microbial composition and quality. For example, a variety of human pathogens can be found in poultry litter such as Bordetella, Campylobacter, Clostridium, Corynebacterium, Escherichia coli, Mycobacterium, Salmonella, Staphylococcus, and Streptococcus [4] [5] [6] [7] [8] . The potential occurrence of pathogens in litter may lead to not only the contamination of broilers in the poultry house and soil and the surrounding environment after being recycled as a land fertilizer [9, 10] but also the processing environment to prepare the final product for consumers [11] . Other microbial concerns related to poultry litter include odor emissions from poultry houses, namely in the form of ammonia [12] [13] [14] , and also the spread of antibiotic resistance onto crops and soils through poultry litter application [6, 15, 16] .
There is a dynamic relationship between the litter and the broilers being grown on that litter, with the microbial composition of the litter being known to significantly affect the intestinal microbiota of broilers [17, 18] . There has been a growing interest to characterize microbial communities in poultry litter and poultry feces in order to better understand and manage these microbial relationships and industry concerns. However, an important question remains: how can a poultry house be effectively sampled to accurately characterize these microbial communities? When sampling a poultry house, typically an average of 5 litter samples are randomly collected throughout the house (without regard for specific location within the house) and combined to generate a composite sample [5, 6, 17, 19, 20] . Unfortunately, the physicochemical properties of the litter can significantly vary from one area to the other [21, 22] , and these microenvironments (e.g., near fans, near waterer/feeder lines, near cooling pad) within the house can result in the development of distinct microbial communities [21] . These findings suggest if a poultry house is considered a single sampling unit, then careful selection of sampling areas within a poultry house is required to accurately characterize the microbial community structure and composition of the feces and litter within a given poultry house.
To our knowledge, no study to date has provided proper guidelines about the most efficient sampling strategy within a poultry house to properly account for these diverse fecal and litter microbiomes within the house. Therefore, Illumina MiSeq-based 16S rRNA-based pyrosequencing was used to determine the effect of in-house sampling area (near cooling pads, near waterer/feeder lines, bulk litter areas along the center and sides of the house, near fans) on fecal and litter microbiomes. Additionally, "wholehouse" fecal and litter microbiomes were compared from samples that were physically pooled (fecal/litter samples from each area were pooled together prior to extraction/sequencing) to those that were pooled in silico (samples from each area were extracted/sequenced separately and pooled together during data analysis) to see how sampling pooling method effected the recovered microbial communities. This data can be used to propose effective sampling methods for assessing poultry house litter and fecal microbiomes. 
MATERIALS AND METHODS

Sample Collection
Fresh fecal droppings and litter samples were recovered in a single day from a commercial broiler house (∼25,000 birds) in the southeastern U.S. The broilers (Gallus gallus) were Cobb-500 crosses, and they were 59 d old at the time of sampling. Fresh fecal and litter samples were collected from 4 distinct areas within the house: near the cooling pads (CP), near the waterer/feeder (WF), the bulk litter between the water/feeder lines and along the sides of the house (BL), and near the exhaust fans (NF) (Figure 1 ). The fresh fecal samples were collected with sterile latex gloves from the floor, whereby care was taken to not contaminate the sample with surrounding litter. The litter samples were collected from the surface (0 to 7 cm) with sterile scoops. Gloves and scoops were changed between sample types and between sampling areas. For each sample, 10 to 12 handfuls of litter/feces were pooled into a single sampling bag totaling ∼200 g per sample. At each of the 4 locations, 3 sampling repeats were made for fecal and litter samples. Samples were transported back to the lab on ice and processed within 2 h of collection.
DNA Extraction
The DNA extraction methods used in this study were previously described [23] . Samples from each house area were processed using 3 different DNA extraction protocols (a mechanical method using the FastDNA Spin Kit for Feces [24] , an enzymatic method based on the QIAamp DNA Stool Mini Kit [25] , and a hybrid method combining the mechanical and enzymatic methods). Even though different DNA extraction protocols were used, considering no significant differences were found in the fecal and litter microbiomes between these protocols [23] , these extracts were treated as triplicates for all subsequent analyses. After extraction, the DNA concentration in each sample was determined spectrophotometrically using the Take3 R plate in conjunction with the Synergy H4 multimode plate reader [26] .
To compare the effects of different sampling pooling methods, 2 different methods were compared. The first method physically pooled samples before sample processing. For this method, 5 fecal and 5 litter samples (∼10 g per sample) from each area of the house were combined into a single bag and homogenized by hand representing the composite whole house. Triplicate samples from the whole-house bag were processed and extracted separately, as described above. The second pooling method was the post-sample processing in silico method, where the fecal and litter microbiomic data from each replicate of all 4 areas were combined during the data analysis (see below) to create triplicate composite pooled samples.
Illumina MiSeq Library Construction and Data Analysis
Library construction and sequencing were performed by the Earth Microbiome Project Laboratory at the U.S. Department of Energy, Argonne National Laboratory (Argonne, IL). In short, the hypervariable V4 domain of bacterial 16S rRNA gene was amplified using the F515 (5 -CACGGTCGKCGGCGCCATT-3 ) and R806 (5 -GGACTACHVGGGTWTCTAAT-3 ) primer set with each primer containing Illumina adapter regions [27] and the reverse primer containing the Golay barcodes to facilitate multiplexing [28] . Raw reads were obtained by using the Illumina MiSeq platform.
A total of 313,194 raw reads were generated and processed by the QIIME v1.9.1 (Quantitative Insights Into Microbial Ecology) pipeline [29] . Forward and reverse sequence reads were merged according to the fastqjoin parameter within the join paired ends.py command. Quality filtering and library splitting according to the Golay barcode sequences were performed on the merged sequences with split library fastq.py script (-q 19, all other parameters were default) and resulted in a total of 222,561 sequences with an average of 7,418 sequences per sample. Sequences were chimera checked against the gold.fa database (http://drive5.com/uchime/gold.fa) and clustered into Operational Taxonomic Units (OTUs) according to their sequence similarity (97%) using the usearch option [30] with pick_otus.py script (-m usearch, all other parameters were default). A representative sequence for each OTU was selected with pick rep set.py script (default parameters) and used for taxonomic assignment using UCLUST and the Greengenes 13 8 database [31] with assign taxonomy.py (default parameters). Sequences were aligned (align seqs.py script, default parameters) using PyNAST [32] and filtered (filter alignment.py, default parameters). A phylogenetic tree was subsequently produced with the make phylogeny.py script (with default settings and FastTree program). A total of 209,890 sequences were obtained with an average of 7,237 sequences per sample (ranging from 3,742 to 9,985 sequences/sample) for further analysis. For all subsequent analyses all fecal and litter samples had sequencing depths of 3700 and 5600 sequences, respectively.
Alpha diversity was used to describe the microbial richness, evenness and diversity within samples using the Chao1, Equitability and Shannon metrics, respectively. For both feces and litter, significant differences in alpha diversity parameters were tested (i) between the 4 areas of the poultry house and (ii) between the physically pooled and in silico pooled composite samples using the compare alpha diversity.py script. To determine β-diversity, the Bray-Curtis distance was used to measure the dissimilarity based on the rarefied OTU table. Principal coordinate analysis (PCoA) of the Bray-Curtis distance was performed to determine the change in the community structure using the vegan package v2.3-0 [33] in R software v3.2.1. Two different non-parametric analysis methods including analysis of similarities (ANOSIM) and permutational multivariate analysis of variance (PER-MANOVA) were used to examine whether there were significant differences in community structures (i) between the 4 areas of the poultry house and (ii) between the physically pooled and in silico pooled composite samples. The Bray-Curtis distance was used for the ANOSIM and PERMANOVA analyses in QIIME using compare category.py. A one-way ANOVA was performed for an overall comparison of the mean relative abundance of each taxon (phylum and genus) in fecal and litter samples (1) between the 4 areas of the poultry house and (2) that were physically pooled and in silico pooled.
RESULTS AND DISCUSSION
Poultry House Area-Specific Fecal and Litter Microbiomes
Overall, 44 and 47 OTUs were assigned to fecal and litter samples, respectively, representing 58 different OTUs (Table S1 ). In total, 6 phyla 330 JAPR: Research Report were assigned in both litter and fecal samples, but their relative abundance varied depending on the sample type and sampling area within the house (Figure 2 ). Five phyla were abundant (> 1% of total OTUs) in fecal samples, with microbiomes being dominated by Firmicutes (73.2 to 92.2%), followed by Actinobacteria (3.2 to 11.3%) and Bacteroidetes (2.5 to 11.9%) (Figure 2A) . These phyla are known to dominate chicken fecal microbiota [34] [35] [36] . Litter microbiomes were co-dominated by Firmicutes (54.7 to 62.9%) and Actinobacteria (34.5 to 41.7%), with Proteobacteria representing the third most abundant phylum (1.3 to 2.7%) ( Figure 2B ). As seen with the fecal microbiomes, the phyla distribution in these litter samples is consistent with previous poultry litter microbiota studies [6, 17, 18] .
To compare microbiomes, 2 main metrics are used: α-diversity, which measures diversity within a sample, and β-diversity, which measures diversity between samples. While the mean OTU relative abundances indicated different microbiomes among the 4 sampling areas, there were no significant differences in α-diversity measurements (richness, diversity and evenness) for fecal or litter samples between sampling areas (data not shown). To visualize the β-diversity between samples collected along the 4 different areas of the poultry house, PCoA was performed on fecal and litter samples (Figure 3) . Fecal microbiomes were similar among samples collected at the 4 areas in the house, although NF samples (collected near the exhaust fans) did not directly cluster with the microbiomes from the rest of the house ( Figure 3A ). While no significant sampling effect on β-diversity was found using ANOSIM or PERMANOVA multivariate analyses (p = 0.118 and 0.141, respectively; Table 1 ), ANOVA analysis of the relative abundance of OTUs within these microbiomes showed significant differences between the 4 sampling areas for 5 family or genera (Table 2 ). Only 10.6% of the fecal OTUs were found to be significantly affected by sampling area, with 2 abundant OTUs (Ruminococcaceae and Ruminococcus) being significantly more abundant in the NF samples and the least abundant in the WF samples. While there were some quantitative differences among the sampling areas for the fecal microbiomes, qualitatively 43 of the 47 genus-level OTUs were shared in all 4 areas (Fig. S1 ).
For litter, while BL (along walls and central line) and CP (near cooling pads) samples showed highly similar microbiomic profiles, NF and WF (along waterer/feeder lines) samples demonstrated very distinct microbiomes (Fig. 3B) . These distinct litter microbiomes were shown to be significantly different by both the ANOSIM and PERMANOVA multivariate analyses (p = 0.001; Table 1 ), and these findings were confirmed by the ANOVA analysis, where over 25% of the OTUs significantly varied among the 4 poultry house areas (Table 3) . Of these 12 distinct OTUs, 6 of them were considered abundant, with Brevibacterium and Bacillales being most abundant near the exhaust fans (NF), Aerococccaceae, Aerococcus, and Alloiococcus most abundant near the waterer/feeder lines (WF), and Gordinia equally abundant in the bulk litter (BL) and near the cooling pads (CP). Once again, these differences at the genus level were only quantitative in nature, since all areas of the house shared 42 of 47 genus-level OTUs (Fig. S2 ).
These results demonstrate that while microbiome α-diversity metrics may not be significantly affected by sampling area within a poultry house, significant differences were found in the β-diversity (Figure 3 ) and genus-level relative OTU abundance within these samples (Tables 2  and 3 ). These sampling area effects were more pronounced in the litter microbiomes as compared to the feces. This is not surprising since unlike the more uniform fresh fecal droppings, the litter samples were subjected to differential environmental parameters based on location within the house (e.g., higher moisture and nutrient load in the WF area, lower temperatures in the CP area). Studies have demonstrated a variability of temperature, pH, relative humidity and gaseous flux from one region of the poultry house to the other [21, 22] , and the structure of litter microbiomes are directly influenced by the physicochemical properties of the litter [19, 21] .
In previous poultry house litter studies, sampling strategies typically include randomly taking 5 samples from within a house without targeting specific locations and pooling those samples to create a composite sample for that house [5, 6, 17, 19, 20] . Based on the results from our study, this type of sampling strategy is more appropriate for fecal samples as compared to litter samples, since minimal differences in fecal microbiomes were observed among the 4 areas of the house. Due to the significant differences in β-diversity and OTU abundances between major areas, litter sampling strategies aimed at analyzing microbial communities at a poultry house level need to account for these area-based differences within the house itself. This is especially true if a quantitative assessment of the litter microbiome is the focus, since qualitative measures such as presence/absence of OTUs and overall richness and diversity were not significantly different among the poultry house areas. 
Effect of Sample Pooling Method on Composite Whole-House Fecal and Litter Microbiomes
As stated above, pooling samples from within a poultry house to create a composite house sample is a common sampling strategy. While correctly sampling specific areas within the house is recommended based on our results, the methods used to assess the fecal and litter microbiomes within a house (Illumina MiSeq 16S rRNA sequencing) remains time consuming and relatively expensive, especially for a high number of samples. To determine appropriate pooling techniques, we evaluated the effect of (1) pooling samples from the different areas of the house prior to DNA extraction (physically pooling) compared to (2) extracting the DNA from each area of the house separately and then pooling those sequences during the sequence analysis steps (in silico pooling) on the resultant composite fecal and litter microbiomes.
No significant differences in α-diversity (richness, diversity and evenness) were observed between fecal or litter samples physically pooled or pooled in silico (data not shown). At a phylum level, sample pooling method had a greater effect on the fecal samples, with Firmicutes being more pronounced in the in silico versus physically pooled samples (79.2% versus 64.5% of total recovered OTUs, respectively) (Table 4) . Conversely, Actinobacteria were nearly 2.5 times more abundant in the physically pooled fecal samples. For the litter samples, phyla relative abundances were unaffected by pooling method. In terms of β-diversity, PCoA showed distinct clustering based on sample pooling method for the fecal samples ( Figure 4A ), but not for the litter samples ( Figure 4B ), supportinouthe OTU relative abundance data. Additionally, these differences appeared to be quantitative in nature, since the same genus-level OTUs were shared for both fecal (47 of 48) and litter (48 of 48) for both sample pooling methods (data not shown). Pooling fecal or litter samples prior to DNA extraction presents numerous advantages. It reduces 1) the number of samples overall that need to be processed (e.g., processing 3 to 5 composite samples versus 3 to 5 samples per area of the house), 2) overall sample processing costs, 3) the number of DNA extractions required and the DNA library preparation needed of Illumina MiSeq 16S sequencing, and 4) the amount of data that needs to be analyzed to perform the microbiome analyses. Physically pooling environmental poultry samples prior to DNA extraction has been previously used in order to reduce the heterogeneity between litter samples [5, 6, 17, 19] , but the downstream application of the DNA extraction for these studies were not microbiomic analyses. While there are many benefits to physically pooling samples prior to DNA extraction, if variation between samples (e.g., areas of the poultry house) is lost during this process, then including this variation by pooling samples in silico during sequence analysis may be preferred. Sampling strategies used to study the chicken gut or fecal microbiome have been known to focus on single birds, rather than pooling samples from multiple birds [35, 36] , and have demonstrated significant variations in microbiome structure within single treatment groups that was not evident from the microbiomes of pooled samples [37] .
Results from our study indicate that while sample pooling method did not significantly affect the poultry house litter microbiome (Table 4 , Figure 4B ), physically pooling the fecal samples prior to DNA extraction does not yield an equivalent microbiomic profile as compared to the in silico pooling method (Table 4 , Figure 4A ). Therefore, just as the poultry house microbiome within the major areas of the house were differentially affected by sample type (feces, litter), so to were those microbiomic profiles affected by sample pooling method.
CONCLUSIONS AND APPLICATIONS
1. While α-diversity metrics were similar for fecal and litter microbiomes recovered from 4 major areas of a poultry house, significant differences were observed in β-diversity and genus-level OTU relative abundances. 2. Litter microbiomes demonstrated a greater differential response to sampling area within the house than did the fecal microbiomes 3. Sample pooling method did not have an effect on the composite poultry house litter microbiomes, but pooling samples prior to DNA extraction (physically pooling) or during sequence analyses (in silico pooling) yielded 2 distinct composite poultry house fecal microbiomes. 4. Poultry house sampling strategies cannot be universally applied, and careful consideration needs to be given to (1) sample type (fecal, litter), (2) which areas of the house to sample, and (3) how to create an appropriate composite sample in order to generate representative whole-house microbiomes for comparative studies.
SUPPLEMENTARY DATA Figure S1 . Venn Diagram showing the genuslevel OTUs found in the fecal samples in the 4 sampling areas within the house used for this study (near cooling pads (CP), waterer/feeder lines (WF), bulk litter (BL), near fans (NF)). Figure S2 . Venn Diagram showing the genuslevel OTUs found in the litter samples in the 4 sampling areas within the house used for this study (near cooling pads (CP), waterer/feeder lines (WF), bulk litter (BL), near fans (NF)). Table S1 . Shared and unique OTUs assigned in fecal and litter samples. Assigned OTUs are designed by their order or family or genus name.
